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bstract
The effects of mixing tree species on tree growth and stand production have been abundantly studied, mostly looking at
ree species diversity effects while controlling for stand density and structure. Regarding the shift towards managing forests as
omplex adaptive systems, we also need insight into the effects of structural diversity. Strict forest reserves, left for spontaneous
evelopment, offer unique opportunities for studying the effects of diversity in tree species and stand structure. We used data
rom repeated inventories in ten forest reserves in the Netherlands and northern Belgium to study the growth of pine and oak. We
nvestigated whether the diversity of a tree’s local neighbourhood (i.e., species and structural diversity) is important in explaining
ts basal area growth. For the subcanopy oak trees, we found a negative effect of the tree species richness of the local neighbours,
hich – in the studied forests – was closely related to the share of shade-casting tree species in the neighbourhood. The growth
f the taller oak trees was positively affected by the height diversity of the neighbour trees. Pine tree growth showed no relation
ith neighbourhood diversity. Tree growth decreased with neighbourhood density for both species (although no significant
elationship was found for the small pines). We found no overall diversity-growth relationship in the studied uneven-aged
ature forests; the relationship depended on tree species identity and the aspect of diversity considered (species vs. structuraliversity).
2018 Gesellschaft fu¨r O¨kologie. Published by Elsevier GmbH. All rights reserved.
rcus ro
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ntroductionPlease cite this article in press as: Vanhellemont, M., et al. Species and str
mature forests. Basic and Applied Ecology (2017), https://doi.org/10.101
In the face of global changes, adaptive forest management
ecomes a key element. Mixing tree species, for instance,
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ay help in ensuring the future resilience of forests. Yet,
orest managers are requesting more detailed knowledge
bout and insight into the effects of mixing tree species
n ecosystem functioning (Carnol et al., 2014; Coll et al.,
017). Generalized conclusions or guidelines on biodiversity-
cosystem functioning (BEF) relationships are, indeed, not
ufficient; BEF relationships tend to be context-dependentuctural diversity affect growth of oak, but not pine, in uneven-aged
6/j.baae.2018.01.003
ather than universal. With regard to tree growth and biomass
roduction, the relationship with tree species richness has
een found to be negative (e.g., Firn, Erskine, & Lamb, 2007;
hts reserved.
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retzsch et al., 2010), positive (e.g., Jucker et al., 2014; Liang
t al., 2016; Pretzsch et al., 2013), or hump-shaped (Gamfeldt
t al., 2013). The impact of tree species diversity on tree
rowth or stand production may be site-specific (Forrester,
ohnle, Albrecht, & Bauhus, 2013; Toïgo et al., 2015) and
epend on species identity (Jucker et al., 2014; Piotto, 2008;
oïgo et al., 2018). Different mechanisms related to facili-
ation and competition can explain the positive or negative
ffects of mixing on tree growth (see also Forrester, 2014).
or instance, the overall resource availability can be higher
n mixed stands as mixing may improve litter decomposition
nd therefore speed up nutrient cycling (Cuchietti, Marcotti,
urvich, Cingolani, & Pérez Harguindeguy, 2014; but see
acob, Viedenz, Polle, & Thomas, 2010b), the total soil space
lling by fine roots and hence the exploitation of soil nutri-
nts and water may be larger in mixed stands (Brassard,
hen, Bergeron, & Paré, 2011; Brassard et al., 2013), and
ixing may promote canopy packing (Jucker, Bouriaud, &
oomes, 2015; Pretzsch et al., 2016) and thus a more opti-
al use of canopy space and incoming radiation. In addition,
amage by host-specific herbivores or pathogens might be
ower because hosts are less abundant and less apparent
Castagneyrol, Giffard, Péré, & Jactel, 2013; but see Haase
t al., 2015) and enemies of forest pests may be more com-
on (Jäkel & Roth, 2004; Kaitaniemi, Riihimäki, Koricheva,
Vehviläinen, 2007) in mixed stands.
Many of the early tree diversity studies focused on stand-
evel productivity differences between monocultures and
wo-species mixtures. Yet, individual plant performance
hapes plant communities (Violle et al., 2007) and local
eighbourhoods drive tree growth (Potvin & Dutilleul, 2009;
atcliffe, Holzwarth, Nadrowski, Levick, & Wirth, 2015).
n addition, a review on BEF studies in forests (Nadrowski,
irth, & Scherer-Lorenzen, 2010) pointed out the need for
elving into the effects of tree diversity on the performance
f individual trees. To enhance the representativeness (sensu
adrowski et al., 2010) of the results of BEF research,
tudying complex, real-world situations is necessary (Naeem,
uffy, & Zavaleta, 2012). Mixed forests can be structurally
ore heterogeneous than monocultures (Pretzsch et al.,
016). Variation in, e.g., tree dimensions, can lead to a higher
egree of vertical space occupation, which might affect over-
ll light capture and therefore tree and stand growth. Tree
ensity, another aspect of forest structure known to affect
ree and stand growth (cf. Forrester, 2014), may vary as well.
he effects of this structural diversity have recently begun
o gain more attention (see Da˘nescu, Albrecht, & Bauhus,
016). Gaining insight in the effects of forest structure on,
or instance, tree growth may improve our understanding of
ixing effects on forest functioning. In this respect, strict for-
st reserves, i.e., protected forests left for free development
ithout human interference, may represent an interestingPlease cite this article in press as: Vanhellemont, M., et al. Species and str
mature forests. Basic and Applied Ecology (2017), https://doi.org/10.101
dditional platform for forest BEF research that takes into
ccount various aspects of structural diversity. The long-
erm monitoring areas in these forest reserves enable detailed
nvestigation of various ecosystem processes in semi-natural
p
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ted Ecology xxx (2017) xxx–xxx
orests (Meyer, 2005; Parviainen, Bücking, Vandekerkhove,
äivinen, & Schuck, 2000). As these long-term monitoring
reas are monitored regularly, they can serve as a research
latform (a ‘Forest Observational Network’ sensuvon Gadow
t al., 2016) to study forest dynamics and BEF relationships
n semi-natural forests diverse in tree ages, sizes, and species.
he spatially explicit monitoring data collected in strict forest
eserves allow to focus on the performance of individual trees
n relation to their local neighbourhood, which may quickly
ield a vast amount of information (von Gadow et al., 2016).
oreover, observational studies of spontaneously developing
orests complement experimental studies in forest plantation
rials and planted biodiversity experiments used to address
pecific hypotheses (Forrester & Bauhus, 2016). Observa-
ional studies are essential for obtaining regionally validated
nformation about insights gathered from experiments.
In the Netherlands and northern Belgium, strict forest
eserves have been systematically monitored to study forest
ynamics since 1987 and 2000, respectively. We chose ten of
hese strict forest reserves to study the growth of individual
rees in uneven-aged mature forests, thus meeting the need
or forest BEF studies that investigate tree-level processes
cf. Nadrowski et al., 2010) in complex forest ecosystems (cf.
aeem et al., 2012). To move beyond the narrow focus on
pecies richness (Balvanera et al., 2006), we looked into the
ffects of species diversity as well as structural diversity. Our
ypotheses were that (1) trees grow better when surrounded
y diverse neighbours (i.e., diverse in species or tree dimen-
ions) and (2) tree growth decreases with neighbourhood
ensity. We focused on oak (Quercus robur L. and Quer-
us petraea (Matt.) Liebl.) and pine (Pinus sylvestris L.) as
hey are economically important on relatively nutrient-poor
oils in Western Europe.
aterials and methods
orest reserve data
The ten forest reserves used in our study (Fig. 1, Table 1)
ere selected from the strict forest reserves of the Nether-
ands and northern Belgium, based on the criteria ‘mature
orest’, ‘mixed tree layer with oak or pine’, and ‘data of two
nventories available’. All ten selected forest reserves con-
ained oak (Q. robur L. or Q. petraea (Mattuschka) Liebl.);
our of them contained pine (P. sylvestris L.). Both oak
pecies co-occur in many European regions (Annighöfer,
eckschäfer, Vor, & Ammer, 2015; Jones, 1959) and are
ften studied together (e.g., Annighöfer et al., 2015; Kuster,
obbertin, Günthardt-Goerg, Schaub, & Arend, 2014; Saha
t al., 2012). From each forest reserve, we used the perma-
ent rectangular 70 m × 140 m ‘core’ plot (Fig. 1). In thisuctural diversity affect growth of oak, but not pine, in uneven-aged
6/j.baae.2018.01.003
lot, spatially explicit individual-tree data are collected every
0 years: position (x, y coordinates), tree species, diameter
t breast height, and status (alive/dead) are recorded for each
ree or shrub with a diameter at breast height larger than 5 cm.
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Fig. 1. The ten strict forest reserves of the study. The tree layer contains either oak or both oak and pine. The map of the rectangular monitoring
plot (70 m × 140 m) of forest reserve Rodebos shows all trees with diameter at breast height (d) larger than 5 cm; different colours represent
different species, and the size of the dots indicates the diameter of the trees. The grey dotted lines indicate the zone in which we selected the
target trees (15 m buffer from the border of the monitoring plot).
Table 1. Characteristics of the ten strict forest reserves used in the study.
Name Country Lat Lon Soila Climateb
AMT, AP
Historyc Main tree
speciesd
Focal
speciese
Inventories
Starnumansbos NL 52◦ 53′ 5◦ 33′ Podzol 8.9, 790 Old (1983) Ps, Qr, Bp Oak + pine 1986, 1996
Lheebroek NL 52◦ 50′ 6◦ 27′ Arenosol 8.8, 786 Young (1983) Ps, Qr Oak + pine 1987, 1999
Galgenberg NL 52◦ 00′ 5◦ 30′ Cambisol 9.3, 790 Young (1983) Ps, Qr, Bp Oak* + pine 1986, 1995
Tussen de Goren NL 51◦ 31′ 4◦ 55′ Podzol 9.6, 797 Young (1983) Ps, Qr Oak + pine 1987, 1996
Vijlnerbos NL 50◦ 46′ 5◦ 58′ Luvisol 9.4, 907 Old (1951) Qp, Bp, Fs Oak** 1987, 1996
Pijpebrandje NL 52◦ 15′ 5◦ 42′ Cambisol 9.0, 800 Old (1965) Fs, Qr Oak 1987, 1999
Norgerholt NL 53◦ 03′ 6◦ 27′ Cambisol 8.7, 791 Old (1964) Qr, Ia Oak 1982, 1992
Rodebos BE 50◦ 46′ 4◦ 37′ Luvisol 10, 802 Old (1988) Qr, Fs Oak 2001, 2011
Wijnendalebos BE 51◦ 04′ 3◦ 02′ Cambisol 10, 694 Old (1983) Qr, Ap, Fs Oak 2003, 2012
Everzwijnbad BE 50◦ 48′ 4◦ 41′ Luvisol 9.9, 808 Old (1997) Qr, Ap Oak 2003, 2012
aSoil type based on the nomenclature of FAO (2006) and using Den Ouden, Mohren, De Waal, and De Schrijver (2010).
bAMT – annual mean temperature (◦C), AP – annual precipitation (mm) data from WorldClim (http://worldclim.org).
cOld – forested since at least 1775; young – afforestation end 19th century, early 20th century; between brackets: year of last management interventions.
d Ap – A
I ttuschka
, pine –
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a
sThe main tree species (based on basal area and stem density) in the plot;
a – Ilex aquifolium L., Ps – Pinus sylvestris L., Qp – Quercus petraea (Ma
eOak – Quercus robur, oak* – Q. petraea + Q. robur, oak** – Q. petraea
n the Dutch monitoring protocol, tree height and crown pro-
ection are also measured for every tree. In the Flemish forest
eserves, tree height is measured for a subset of the trees. We
sed this subset to parameterize allometric height-diameter
elationships (see Appendix A: Table 1) and then estimated
ree height for all the trees in the plot.
eighbourhood approachPlease cite this article in press as: Vanhellemont, M., et al. Species and str
mature forests. Basic and Applied Ecology (2017), https://doi.org/10.101
The target trees were all the oak and pine trees in
he central area of the permanent monitoring plots (edge
uffer = 15 m, see Fig. 1). For each target tree, we calculated
he annual basal area increment (cm2 yr−1) as the difference
f
s
tcer pseudoplatanus L., Bp – Betula pendula Roth, Fs – Fagus sylvatica L.,
) Liebl., Qr – Quercus robur L.
Pinus sylvestris.
n basal area between the two inventories, divided by the
ime interval between the inventories. We used basal area
ncrement, a two-dimensional variable, as it represents over-
ll tree growth better than a one-dimensional variable such
s diameter increment (cf. Biondi & Qeadan, 2008). We only
onsidered trees that survived both inventories; dead trees
nd recruits were ignored. In addition, we only included trees
ith positive basal area increment; negative and zero basal
rea increments over the 10-year inventory period were con-
idered the result of measurement errors. We looked at theuctural diversity affect growth of oak, but not pine, in uneven-aged
6/j.baae.2018.01.003
ull dataset of target trees and at subsets of small trees (i.e.,
ubcanopy trees) and tall trees (i.e., canopy trees) of each
ree species, as the canopy layer of the studied forest reserves
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as rather poor in tree species, compared to the subcanopy
see Appendix A: Fig. 1). In addition, the relative impact of
eighbourhood diversity and density on growth may differ
epending on tree size (cf. Jucker et al., 2014). Based on
he density plots (see Appendix A: Fig. 1) and the mean and
edian height of the target trees of each species, we set the
eight threshold between small and tall trees at 16 m. The
arget tree dataset consisted of 374 oaks (160 small oaks, 214
all oaks) and 421 pines (268 small, 153 tall pines).
For each target tree, all the trees within a certain radius
round the tree were considered its neighbour trees. We
onsidered neighbourhoods with a radius of 7.5, 10, 12.5,
nd 15 m. This range covered the ‘zone of influence’ (cf.
atcliffe et al., 2015) of the oak and pine trees in the Dutch
orest reserves, based on the crown projection data available
or these forest reserves. For each local neighbourhood size
round each target tree, we quantified seven measures of den-
ity and four measures of diversity using the data of the living
rees from the first inventory.
To characterize local stand density, we calculated stem den-
ity and basal area of the local neighbourhood, the quadratic
ean diameter of the neighbour trees, the summed basal area
f neighbour trees with a larger diameter than the target tree,
nd a neighbourhood competition index (NCI) based on the
iameter of the neighbour trees (dj) and the distances between
he target tree i and its neighbours (distanceij):
CIi =
∑n
j=1
dj
distanceij
(1)
Close neighbours with a large diameter will exert more
ompetition than slender neighbours growing further from
he target tree. This NCI competition index has been used
s a proxy for tree competition in forests before (Canham,
ePage, & Coates, 2004; Ratcliffe et al., 2015). Finally, we
lso partitioned the neighbourhood competition index (NCI)
nto competition by light-demanding neighbours (NCIL)
nd competition by shade-tolerant neighbours (NCIS), with
ight-demanding species generally casting less shade than
hade-tolerant species. For oak and pine, both intolerant
o shade, the competitive effect of neighbour trees might
epend on the shade-casting ability of these neighbour trees.
he ordinal shade-casting ability index (SCA) describes the
hade-casting ability of individual tree and shrub species,
rom low (1) to high (6, cf. Van Calster et al., 2008). We
lassified all neighbours of a species with intermediate to
igh shade-casting ability (SCA 4–6) as shade tolerant, all
eighbours with an extremely low to low shade-casting ability
SCA 1–3) as light demanding.
As a simple measure of diversity, we used the species rich-
ess, i.e., the number of species, of the neighbour trees. Then,
e calculated the species diversity of the neighbour trees as
he Shannon index (Shannon, 1948), i.e.,Please cite this article in press as: Vanhellemont, M., et al. Species and str
mature forests. Basic and Applied Ecology (2017), https://doi.org/10.101
s =  −
∑ns
i=1
Ni
Ntot
ln
Ni
Ntot
(2)
w
a
g
led Ecology xxx (2017) xxx–xxx
ith Ni the number of neighbour trees of species i and Ntot
he overall number of neighbour trees. We used the num-
er of neighbour trees rather than their basal area to avoid
partially) including a structural diversity in this measure
f species diversity. The Shannon index has been success-
ully used before to quantify the tree species diversity of
orests (Liang, Buongiorno, Monserud, Kruger, & Zhou,
007; Ratcliffe et al., 2015). For the size diversity of the
ocal neighbourhoods, we looked at both the diversity in tree
iameter and tree height. We first grouped all trees into dis-
rete 5 cm diameter classes or 2 m height classes and then
alculated the Shannon index using these size classes, e.g.,
or the diameter class diversity:
d =  −
∑nd
j=1
Nj
Ntot
ln
Nj
Ntot
(3)
ith Nj the number of neighbour trees of diameter class j and
tot the overall number of neighbour trees. Such measures of
ize diversity have been successfully linked to forest growth
efore (Lei, Wang, & Peng, 2009; Liang et al., 2007).
tatistical analysis
We investigated whether local neighbourhood diversity
xplains additional variation in the growth of individual oak
nd pine trees when added to a growth model containing stan-
ard drivers of tree growth such as tree size, site conditions,
nd stand density. As tree size variables, we considered diam-
ter, height, and the height over diameter ratio based on the
ata from the first inventory; the site conditions were char-
cterized by using the mean annual temperature and mean
nnual precipitation for the period between the two invento-
ies (cf. Da˘nescu et al., 2016; data from the closest weather
tation: www.kmi.be and www.knmi.nl) as well as the fac-
or soil type. For neighbourhood density and diversity, we
onsidered the eleven variables described in the part on neigh-
ourhood approach above. For both oak and pine, we thus
odelled the natural logarithm of the basal area increment of
tree (baii) as a function of neighbourhood diversity (div),
hilst accounting for tree size, site conditions, and neigh-
ourhood density (dens):
ln(baii) =  β0 +  βsizesize  +  βsitesite  +  βncdens
+βdivdiv (4)
There was considerable correlation between several of
he explanatory variables (see Appendix A: Fig. 2). Hence,
or each set of variables, i.e., tree size, site, neighbourhood
ensity (for the different neighbourhood sizes), and neigh-
ourhood diversity (for the different neighbourhood sizes),uctural diversity affect growth of oak, but not pine, in uneven-aged
6/j.baae.2018.01.003
e first constructed separate univariate models for the basal
rea increment and each explanatory variable. For each cate-
ory, we then retained the explanatory variable that gave the
owest AIC (cf. Castagneyrol et al., 2013).
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We fitted a null model (M0: size + site + dens) and a model
hat additionally included neighbourhood diversity (Mdiv:
ize + site + dens + div) and followed the protocol described
n Zuur, Ieno, Walker, Saveliev, and Smith (2009) to find the
deal random and fixed structure for our growth models. The
odels were fitted with lme (linear mixed effects) or gls (gen-
ralized least squares) of the nlme package in R (Pinheiro,
ates, DebRoy, Sarkar, & R Core Team, 2016) or with a sim-
le lm (linear model). The fit of the models (M0, Mdiv) was
ompared by AIC and the log likelihood ratio test for each
ataset. In the mixed models, we used forest reserve as a ran-
om factor to control for similarities in growth data among
rees from the same forest reserve and differences between
orest reserves not accounted for by the site variables (soil and
limate) included in the model. To account for heterogene-
ty, we included a variance structure in the generalized least
quares models for the variance covariates diameter and for-
st reserve allowing for an increase in residual variance with
iameter (VarExp) and a different spread per forest reserve
VarIdent). Before the analysis, all continuous explanatory
ariables were standardized. All analyses were done in R
ersion 3.4.2 (R Core Team 2017); graphs were made with
he R library ggplot2 (Wickham, 2009).
esultsPlease cite this article in press as: Vanhellemont, M., et al. Species and str
mature forests. Basic and Applied Ecology (2017), https://doi.org/10.101
The overall mean basal area increment between the two
nventories for trees in the studied forest reserves was
3.8 cm2 yr−1 for oak and 12.6 cm2 yr−1 for pine (Table 2),
n
n
o
able 2. The variables used to characterize the target trees and their loca
iven for the 374 oaks and 421 pines.
ariable Description
arget tree
ai Mean basal area increment (cm2 yr−1) a
Diameter at breast height (cm)
Tree height (m)
/d Height over diameter ratio (m/m)
eighbourhoodb
Stem density (ha−1)
A Basal area (m2 ha−1)
AL Basal area larger neighbours (m2 ha−1)
q Quadratic mean diameter
CI Neighbourhood competition index
CIL NCI based on the light-demanding neighbours
CIS NCI based on the shade-tolerant neighbours
R Species richness, number of tree species
s Tree species diversityc
d Tree diameter diversity
h Tree height diversity
aThe basal area increment is the mean annual increment for the period between t
he data of the first inventory.
bThe neighbourhood data are for the neighbourhood with 15 m radius; see Appe
cThe diversity measures are expressed as the exponent of the Shannon index.ed Ecology xxx (2017) xxx–xxx 5
ut the mean basal area increment per tree differed strongly
etween forest reserves, with oak showing a mean increment
f minimum 3.0 and maximum 42.9 cm2 yr−1 (in Starnu-
ansbos and Wijnendalebos) and pine 9.7 and 18.4 cm2 yr−1
Tussen de Goren, Galgenberg).
The growth models explained more variation for
he oak trees (R2 = 0.38–0.79) than for the pine trees
R2 = 0.17–0.29). The basal area increment of the target trees
ncreased with tree size (Table 3), with different tree size vari-
bles included in the different growth models: height (full oak
ataset), diameter (small and tall oaks, full pine dataset, small
ines), height over diameter ratio (tall pines). The site con-
itions were an important predictor in the growth models for
he small pines and the full pine dataset. Pine basal area incre-
ent differed between the soil types, with a better growth in
he Cambisol forest reserve, compared to the Arenosol forest
eserve and the two forest reserves on Podzols. For the small
aks and the overall oak dataset, part of the variation in basal
rea increment could also be attributed to the overall effect
f forest reserve, included as a random effect in the models
see the difference between the conditional and marginal R2
n Table 3).
The local neighbourhood effects differed among the
atasets. Local density generally had a negative effect on
rowth. The basal area of the larger neighbour trees was neg-
tively related to basal area increment for oak and for the
ull pine dataset; the neighbourhood competition index wasuctural diversity affect growth of oak, but not pine, in uneven-aged
6/j.baae.2018.01.003
egatively related to growth for the tall pine trees. The local
eighbourhood diversity was only included in the models for
ak. Species richness had a negative effect (for the small oaks,
l neighbourhoods. The mean and range (minimum, maximum) are
Oak Pine
13.8 (0.5, 82.2) 12.6 (1.9, 54.5)
28.7 (5, 114) 27.2 (14, 51)
16.0 (3, 35) 15.7 (8, 23)
66 (24, 140) 59 (33, 86)
658 (212, 2009) 593 (240, 1797)
25.6 (10.5, 45.5) 22.5 (12.2, 45.1)
17.1 (0, 37.5) 11.6 (0, 33.5)
23.4 (11.3, 42.2) 22.9 (11.4, 29.9)
1.0 (0.5, 2.1) 1.0 (0.5, 1.9)
0.8 (0.0, 2.1) 1.0 (0.5, 1.9)
0.2 (0.0, 1.0) 0.0 (0.0, 0.2)
4.8 (1, 12) 3.1 (1, 6)
3.4 (1.0, 9.6) 2.1 (1.0, 4.3)
6.1 (2.0, 11.2) 5.0 (2.8, 8.2)
7.0 (2.7, 11.9) 4.8 (2.3, 9.4)
he two inventories; the tree and neighbourhood characteristics are based on
ndix A: Table 2 for the other neighbourhood sizes.
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Table 3. The final basal area increment models for oak and pine. Models were fit for the full dataset as well as for the small trees (<16 m
tall) and the tall trees (height > 16 m). We used linear mixed models with a random term (1|site), simple linear models, and generalized least
squares models with a variance term (var I + E = varIdent(site) + varExp(1/d)).
Species Data N Model Varradiusa Coef p Fitb
Oak Full 374 lme (1|site) Size h 1.00 <0.001 R2m = 0.68
Dens BAL15 −0.22 <0.001 R2c = 0.79
Small 160 lme (1|site) Size d 0.63 <0.001 R2m = 0.48
Dens BAL15 −0.13 0.020 R2c = 0.75
Div SR15 −0.25 0.003
Tall 214 lm Size d 0.36 <0.001 R2adj = 0.38
Dens BAL15 −0.17 0.001
Div Hh15 0.12 0.007
Pine Full 421 gls (var I + E) Size d 0.13 <0.001 R2est = 0.29
Dens BAL15 −0.12 <0.001
Site Cambisol 0.33 <0.001
Podzol −0.21 0.001
Small 268 lm Size d 0.25 0.000 R2adj = 0.17
Site Cambisol 1.12 0.007
Tall 153 lm Size h/d −0.12 0.002 R2adj = 0.29
Dens NCI10 −0.29 <0.001
aThe variables included in the models. For the neighbourhood variables, the radius (in m) of the neighbourhood used to calculate the variable is indicated in
subscript.
- size variables: h tree height, d diameter at breast height, h/d height over diameter ratio.
- density variables: BAL summed basal area of neighbours with a larger diameter than the target tree, NCI neighbourhood competition index.
- diversity variables: SR species richness, Hh tree height diversity.
- site variables: soil types Cambisol and Podzol, compared to Arenosol.
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ig. 2A), while height diversity had a positive effect (for the
all oaks) (Table 3). In the neighbourhood of the small oaks,
he species richness was positively correlated with the share
f shade-casting species in the neighbourhood (Fig. 2B). A
omparison of the different neighbourhood sizes suggested
hat the best predictive power for the basal area increment
as provided by a neighbourhood of a 15 m radius for the
aks and 10 m for the pines.
iscussion
In the forest reserves of our study, we found only clear
ffects of neighbourhood diversity for the growth of small
aks (species richness) and tall oaks (tree height diversity);
or the pines, no diversity variable was included in the final
rowth models. The absence of an overall diversity effect
s not unprecedented. No or only weak effects of composi-
ional diversity on tree growth have been reported before for
ature forests (del Río, Schütze, & Pretzsch, 2014; Jacob,
euschner, & Thomas, 2010a; Ratcliffe et al., 2015) as well
s young plantations (Grossman et al., in press).
In our study, tree species richness showed a negative rela-Please cite this article in press as: Vanhellemont, M., et al. Species and str
mature forests. Basic and Applied Ecology (2017), https://doi.org/10.101
ionship with the basal area increment of the small oak trees;
he small oak trees grew better in a less diverse neighbour-
ood. Negative effects of species diversity have been found
efore for stand productivity (Firn et al., 2007; Vilà et al.,
t
2
w013), but positive effects of species diversity on tree growth
nd stand productivity have been reported more often, for
ature forests (e.g., Chamagne, Tanadini, Frank, Matula, &
aine, 2017; Condés, Del Rio, & Sterba, 2013; Vilà et al.,
013) and young plantations (Grossman et al., in press). For
he small oaks in the studied forests, a diverse neighbour-
ood meant more competition by shade-tolerant (and hence
hade-casting) tree species (see Fig. 2B), which may have
egatively affected the growth of the light-demanding oaks
cf. Manso, Morneau, Ningre, & Fortin, 2015). For the (also
ight-demanding) small pine trees, we did not find an effect of
eighbourhood species diversity (see Fig. 2A). Jucker et al.
2014), on the other hand, saw that subcanopy pine trees in
berian oak-pine forests benefited from tree species mixing;
hese small pine trees experienced a higher light availability
n the mixtures. In our study, the forest structure and species
omposition experienced by the small pines probably dif-
ered too much among the four forest reserves included in
ur rather small dataset (see Appendix A: Table 1) to lead to
common, overall diversity effect.
Structural diversity showed a positive relationship with
he growth of the tall oak trees in our study. The tall oak
rees grew better in a neighbourhood with high tree height
nequality, which might be related with the high crown plas-uctural diversity affect growth of oak, but not pine, in uneven-aged
6/j.baae.2018.01.003
icity of oaks (Longuetaud, Piboule, Wernsdörfer, & Collet,
013). Surrounded by neighbours of different heights, they
ere able to fill the available canopy space around them and
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Fig. 2. Basal area increment of the small oaks and pines in rela-
tion to the species richness of the local neighbourhood (A) and the
relation between the competition by shade-tolerant species and the
species richness in the local neighbourhood of these small trees (B).
Data are shown for a neighbourhood with a 15 m radius, and the
BAI axis represents the natural logarithm of the basal area incre-
ment. The asterisks indicate the p-values of the slopes of the linear
regressions between the two variables (***p < 0.001, **p < 0.01);
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final growth models.he grey shadings show the 95% confidence intervals.
ence capture more light. Da˘nescu et al. (2016) also showed
ositive, asymmetric effects of structural diversity; they saw
hat large trees showed the highest increase in productivity in
tructurally diverse stands. Zhang and Chen (2015) showed
hat tree size inequality was the mechanism behind the posi-
ive species diversity effects on stand productivity in natural
orests. Liang et al. (2007), on the other hand, found a negative
elationship between structural diversity and stand produc-
ivity, because of lower recruitment or higher mortality in
iverse stands. Here, we did not look at the recruits or trees
hat died between the two inventories.
Kunstler et al. (2016) showed that the total abundance
f neighbours, irrespective of their traits, was the strongest
river of individual tree growth in forest across all biomes.
n our study as well, neighbourhood density was included
n all the growth models, except for the model for the small
ines. Similarly, Ratcliffe et al. (2015) showed for a temper-
te mixed beech (Fagus sylvatica L.) forest in Germany that
he diversity of the local neighbourhood was relevant for thePlease cite this article in press as: Vanhellemont, M., et al. Species and str
mature forests. Basic and Applied Ecology (2017), https://doi.org/10.101
rowth of beech and hornbeam (Carpinus betulus L.), but not
or ash (Fraxinus excelsior L.), whereas local stand density
ffected the growth of all three study species. For a subtrop-
b
eed Ecology xxx (2017) xxx–xxx 7
cal mixed forest, von Oheimb et al. (2011) did also show
o effects of local species richness and a prominent effect of
eighbourhood competition on tree growth.
Some methodological issues may be raised in relation to
ur results, such as the high variability associated with large
e-inventory datasets, the differences in forest and site char-
cteristics among the studied forest reserves, the choice of
he diversity and competition measures, and the definition of
he local neighbourhood.
Data from repeated inventories may contain frequent
rrors, which may lead to a high variability or unlikely values,
lso in derived measures such as tree growth. Hence, growth
odels fitted to inventory data may explain only a limited
mount of the variation (cf. Condés et al. 2013; del Río &
terba, 2009). Yet, with R2s of 0.17 to 0.79, our models do
uite well in this respect.
The differences in site conditions and tree species compo-
ition of the studied forest reserves (see Table 1) probably
revented finding an overall diversity–growth relationship.
he soil type was included in the models for small pines
nd the full pine dataset, and the random effect (account-
ng for differences between the sites, i.e., forest reserves) in
he mixed models for oak explained 27% of the variation in
rowth for the small oaks and 11% for the full oak dataset.
he negative effect of tree species richness for the small oaks
eemed to be driven by the species composition of the forests
i.e., the share of shade-tolerant species, see Fig. 2). In a
tudy on different forest types with differing site conditions
n Europe, the shape of the diversity-productivity relationship
as indeed not consistent among the forest types (Vilà et al.,
013). In acidophilous oak forest, for instance, wood produc-
ion decreased from monocultures to mixed plots while the
ther ten forest types showed higher production in mixtures.
Tree diversity has been calculated in various ways in for-
er studies on the diversity-growth relationship in forests.
he size, number, and identity of a tree’s neighbours all
ffected tree growth in a young tropical plantation (Potvin
Dutilleul, 2009). Tree species richness (Vilà et al., 2013),
ree species diversity (Jucker et al., 2016), tree size diver-
ity (Da˘nescu et al., 2016; Liang et al., 2007; Zhang &
hen, 2015), and an integrated species-size diversity mea-
ure (Lei et al., 2009) have all been successfully correlated
ith tree growth or stand productivity. Functional diversity
Haase et al., 2015), genetic diversity (Hahn et al., 2017),
nd species composition (Salisbury & Potvin, 2015) did not
how clear links with tree growth. According to Da˘nescu
t al. (2016), the – often subjective – choice of diversity
ndex in studies may account for some of the inconsistent
esults on the diversity–productivity relationship in literature,
nd they recommend testing and reporting multiple diversity
ndices. In our study, both species richness (for small oaks)
nd tree height diversity (for tall oaks) were included in theuctural diversity affect growth of oak, but not pine, in uneven-aged
6/j.baae.2018.01.003
The choice of the neighbourhood size in a study on neigh-
ourhood effects may affect its outcome and conclusions,
specially in forests in which the spatial distribution of trees
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f different ages, sizes, and species is non-regular. In addi-
ion, the relevant neighbourhood size will also depend on the
ize of the target tree (D’Amato & Puettmann, 2004). Follow-
ng, e.g., Puettmann, D’Amato, Kohnle, and Bauhus (2009)
nd von Oheimb et al. (2011), we compared different neigh-
ourhood sizes and found that a 10 m radius provided the best
redictive power for the tall pine trees, while a 15 m radius
rovided the best fits for the oaks. This corresponds to the
enerally larger crown radius for the oak trees compared to
he pines in the studied Dutch forest reserves.
onclusion
The oak and pine trees growing in the temperate mixed
orest stands of our study did show no overall diversity-
rowth relationship. The growth of the subcanopy oaks
height < 16 m) was negatively related to species richness,
nd the growth of the tall oaks (height > 16 m) was positively
elated to structural diversity. For the pines, neighbourhood
iversity was not included in the growth models. Target tree
ize, local density (except for the small pines), and soil type
for the small pines and the full pine dataset) also explained
art of the variation in tree growth. Our study on tree growth
n uneven-aged mature forests confirms that biodiversity-
roductivity relationships are context-dependent. The effect
f diversity may differ between species (e.g., oak and pine
n our study) and depend on the aspect of diversity that is
tudied (e.g., species diversity vs. structural diversity).
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